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must eventually decrease.7 The overall effect is seen in Fig. 3 as
the onset of saturation. In the case of peak III, the initial sublinear
increase in intensity could be due to not only competitive trap-
ping of holes at deep hole-traps rather than at F centres but also
to thermal quenching of luminescence, which becomes severe at
temperatures above the main dosimetry peak.11,12
Concluding remarks
This study refines our understanding of the physical processes
responsible for luminescence in -Al2O3:C, to improve its appli-
cation in radiation dosimetry. Applications in dosimetry rely on
accurate determination of the dependence of luminescence
intensity on absorbed radiation dose, a growth curve. In princi-
ple, the intensities usually determined from either glow curve
height or area are proportional to the absorbed radiation dose.
However, in practice there are experimental complexities to do
with changes in luminescence sites, for example F centres,
brought about by the luminescence-exciting radiation. This
study addresses an instance of the latter.
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Particle precipitation effects in
the daytime E-region in the
South Atlantic Anomaly region
R. Haggard*
Introduction
The E-region is the part of the ionosphere most significantly
affected by precipitating electrons in the energy range above
1 keV and below 30 keV,2,3 and is more amenable to quantitative
treatment than the more irregular F-region. Good ionograms,
that is, records of ionospheric conditions indicated by the
relationship between the frequency of the radio pulse emitted
upward and the virtual height of echoes reflected from the iono-
sphere, are available from the project ISAAC voyage for the day-
time E-region. From these records the critical frequency foE
could be determined, where foE is the penetration frequency of
the E-region for the ordinary ray. I therefore examined these
ionograms for anomalous variation of the daytime foE with solar
zenith angle, in order to look for any extra ionization which
might be attributed to the precipitating electrons.
The route of the project ISAAC voyage is indicated in Fig. 1.
The area bounded by the dashed line shown in the figure is
generally referred to as the South Atlantic Anomaly region. In
this region, the earth’s magnetic field reaches its minimum value
and charged particles from the magnetosphere enter the earth’s
atmosphere and penetrate to heights below 200 km above the
South Atlantic Ocean, between Brazil and South Africa.
About 85% of the database of ionograms was for low magnetic
activity, with the planetary K-indices (Kp) being equal to or less
than 3. The Kp indices rose above 3 only during 12/13 July and
16/17 July, with a maximum value of 5.
Diurnal variation of foE in the South Atlantic Anomaly
It is well known that, under normal conditions, a plot of foE
versus Ch (x, ), the Chapman grazing incidence function,6,7
gives a straight line, the slope of which is about 0.33 to 0.35
according to Rishbeth and Garriott.8 This was used by Haggard
and Gledhill to show that, whereas the slopes for nine compari-
son stations outside the South Atlantic Anomaly lay within one
standard deviation of a straight line when plotted against a
suitable function of latitude, the slope for Gough Island, which
lies in the Anomaly region, was less than the expected value by
more than five times its standard deviation.9 They proceeded to
show that an extra source of ionization must be operating at
Gough and that its magnitude was consistent with its identifica-
tion with precipitating electrons from the magnetosphere. It
amounted to only a few per cent of the maximum photo-
ionization rate at noon, but became comparable with it at solar
zenith angles greater than 70°.
Using the method described by Haggard and Gledhill, the
project ISAAC data were analysed, with the additional refine-
ment that the solar zenith angles were computed for each quar-
ter-hour using the actual ship’s position for use in the log(foE)
versus log {Ch(x, )} plots.9 This was done for all times for which
the solar zenith angle was less than 80°.
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The behaviour of the normal daytime E-layer over the South Atlantic
Anomaly region during 23 days of project ISAAC (29 June to 21 July
1983) has been examined. Enhanced production rates due to pre-
cipitated electrons were calculated from the observed data and
compared well with the production rates from the mean electron
fluxes in the range 0.2–26 keV observed from the satellite Atmo-
sphere Explorer-C during 1973–77, discussed by Gledhill and
Hoffman.1 The present study shows that there is evidence of a sig-
nificant source of extra ionization, in addition to solar ultraviolet
and X-radiation, in the South Atlantic Anomaly region.
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The least-squares fitted
straight-line slopes obtained
from these plots also yielded
smaller values of the slope than
those expected from the ship’s
latitudinal position had it not
been in the Anomaly region as
shown in Fig. 3 of ref. 9. Since
the nighttime values of energy
fluxes of precipitating elec-
trons were available in 10° of
longitude, our data were also
averaged in 10° bins for com-
parison purposes. Figure 2
shows a plot of slope versus
longitude for the outward and
return voyages of the ship. It
exhibits a minimum value cen-
tred about 20° west. These
lower slope values are seen to
be associated with the position
of the ship within the precipita-
tion zone bounded by the
dashed line indicated in Fig. 1, with its mid-point centred on
about 20° west. Smaller values of slope would be expected if
there was an extra source of ionization in this area. Its effect
would be to raise the values of foE, especially at larger solar ze-
nith angles where the solar photoionization rate is relatively
smaller, and so to decrease the slope of the line on the log(foE) vs
log {Ch(x, ()} graph below the values it would have in the
absence of the additional source of ionization.
The method described in Haggard and Gledhill was used to
calculate values of the unperturbed E-layer critical frequency,
foEu, for each quarter-hour,
9 and thus qu, the unperturbed rate of
production of electron-ion pairs per cm3 per second from the
expression qu = (Nu)
2, where Nu = 1.24 × 10
4 (foEu).
2 For the effec-
tive recombination coefficient, the true height of the E-layer
maximum was calculated from N(h) profiles and substituted
into the expression derived by Gledhill, namely,  = 0.501
exp(–0.165h) + 4.30 × 10–6 exp(–2.42 × 10–2h), where  is in cm3
per second and h in km.10
The observed values of foE were converted to the correspond-
ing ionization rate qo in a similar way. The extra production rates
could then be found for each quarter-hour as q = qo – qu cm
–3 s–1
as in the paper by Haggard and Gledhill.9 The daily means ofq,
which are all significantly positive, are plotted versus longitude
in Fig. 3, where the closed circles refer to the outward voyage
and the open circles to the return voyage.
Discussion
The most obvious source of the extra ionization is electron
precipitation, in view of the geographical situation of the route
of the ISAAC voyage in the South Atlantic Anomaly region.
Although Gledhill and Hoffman examined the spectra and
energy flux of precipitating electrons only during the night,1
Torr et al., using data from the same detectors on the same
satellite, examined both daytime and nighttime fluxes, but
only outside the Anomaly region.11 They analysed a large data-
base of measurements of precipitating electrons and protons in
the energy range 0.2–26 keV from the satellite Atmosphere
Explorer-C. The period considered was from 15 December 1973
to 25 May 1975 and the satellite was at heights of 250–300 km.
Unfortunately, they did not discuss the geographical distribu-
tion of precipitating fluxes. Their Fig. 1 shows that the electron
fluxes in the daytime were always considerably larger, about an
order of magnitude, than the nighttime ones, especially in the
invariant latitudes of the South Atlantic Anomaly. They also
found that the proton fluxes were about an order of magnitude
less than those of electrons.
Gledhill and Hoffman1 used four years of data, during the
period 1 January 1974 to 31 December 1977, from the same satel-
lite to determine the energy deposited by electrons in the same
range, 0.2–26 keV, in the region of the South Atlantic Anomaly.
They found no measurable proton fluxes and were able to use
the ion channels of the particle spectrometers to correct for the
high energy background.
There seems to be no obvious reason why the daytime electron
fluxes in the South Atlantic Anomaly region should not be an
order of magnitude larger than the nighttime fluxes as well. We
have therefore increased the nighttime fluxes by a factor of 10 as
observed by Gledhill and Hoffman.1 Hence, we were able to
obtain values for the downcoming energy flux carried by elec-
trons.
The ionization rate, as a function of height due to the electron
energy spectrum, was assumed to vary as E–1 as found by
Fig. 1. Route of the ISAAC voyage. The crosses indicate the ship’s position at noon on the date indicated. The dashed curve
shows the boundary of the South Atlantic Radiation Anomaly observed by Ginzburg et al.4 The continuous curve shows the
3 m erg cm–2 s–1 precipitation zone observed by Gledhill and Hoffman.1 (Reproduced from Dore et al.5)
Fig. 2. Slopes of log (FoE) vs log Ch (x, ) are plotted against the ship’s longitude
during the ISAAC voyage. The bars denote the maxima and minima values for the
10° bins.
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Gledhill and Hoffman.1 It was calculated by using the modifica-
tion of the method due to Rees2 described by Wulff and Gledhill12
and extended by Gledhill.13 We used the CIRA72 mean model
atmosphere14 and the mean magnetic dip angle appropriate for
each day to calculate the maximum ionization rate. We also used
the MSIS83 model developed by Hedin15 and CIRA8616,17 as alter-
native models to obtain the ionization rates; the ionization rates
obtained were similar using all three models. Figure 4 shows the
maximum production rate of electron-ion pairs cm–3 s–1 versus
longitude obtained by the above method, denoted by open
circles, as well as the extra production rates calculated from the
project ISAAC data, which are denoted by closed circles. Here
the closed circles represent the average values of the outward
and return voyages obtained from Fig. 3. The data have been
gathered in 10° bins for the reasons mentioned earlier.
As can be seen, the observed production rates are consistently
higher than the theoretically calculated production rates by a
factor of 1.4, though this is probably not significant in view of the
approximations involved in both sets of calculations. What is
highly significant is that all the values obtained from the ISAAC
ionograms are definitely positive and that their variation across
the Anomaly, with a maximum at about 20° west, is almost
exactly parallel to that of the estimates made from Atmosphere
Explorer-C data. This maximum value at about 20° west is consis-
tent with the enhancement of nighttime particle precipitation
found by Voss and Smith, which is centred on 30° west,18 and the
peak in precipitated electron flux found at about 15° west by Torr
et al.19 for electron energies of about 50 keV.
The present study thus shows that there is good evidence of a
significant source of extra ionization, in addition to solar ultra-
violet and X-radiation, in the South Atlantic Anomaly E-region.
A further conclusion is that the observations are consistent with
the possible identification of electrons in the energy range below
30 keV, precipitating from the magnetosphere, as this source.
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Fig. 3. Daily means of the extra production values across the South Atlantic. The
filled circles denote the outward voyage from Cape Town, while the open circles
indicate the return voyage.
Fig. 4. Variation of the extra daytime ionization rate across the Anomaly. Error bars
are 1 standard deviation above and below the points denoted by filled circles
obtained from the ISAAC data. The open circles indicate the ionization rate as
calculated using Atmosphere Explorer-C measurements.
